low similarity between marine and freshwater ecosystems using a meta-analysis of 16S rRNA 23 gene tag-sequencing datasets. As expected, marine and freshwater microbial communities 24 differed in the relative abundance of major phyla and contained habitat-specific lineages; at the 25 same time, however, many shared taxa were observed in both environments. 26
Betaproteobacteria and Alphaproteobacteria sequences had the highest similarity between 27 marine and freshwater sample pairs. Gammaproteobacteria and Alphaproteobacteria contained 28 the highest number of Minimum Entropy Decomposition nodes shared by marine and freshwater 29 samples. Shared nodes included lineages of the abundant alphaproteobacterial group SAR11 30 that have not previously been reported in 16S rRNA gene surveys of freshwater lakes. Our 31 results suggest that shared taxa are numerous, but tend to occur sporadically and at low relative 32 abundance in one habitat type, leading to an underestimation of transition frequency between 33 marine and freshwater habitats. Lineages with a high degree of shared taxa or habitat-specific 34 diversification represent targets for genome-scale investigations into microbial adaptations and 35 evolutionary innovations. Rare taxa with abundances near or below detection, including 36
lineages that appear to have crossed the salty divide relatively recently, may have novel 37 adaptations enabling them to exploit opportunities for niche expansion when environments are 38 disturbed or conditions change. 39
Importance 40
The distribution of microbial diversity across environments yields insight into processes that 41 create and maintain this diversity as well as potential to infer how communities will respond to 42 future environmental changes. We integrated datasets from dozens of freshwater lake and 43 marine samples to compare diversity across open water habitats differing in salinity. Our novel 44 combination of sequence-based approaches revealed phyla and proteobacterial classes 45 inferred to include more or less recent transitions across habitat types as well as specific 46 lineages that are shared by marine and freshwater environments at the level of 16S rRNA 47 sequence types. Our findings contribute to understanding the ecological and evolutionary 48 Introduction 52 Phylogenetic relationships of organisms within and across ecosystems can provide 53 insight into how these organisms evolved and how evolution might proceed into the future. 54
Microorganisms in the water columns of freshwater and marine ecosystems provide a unique 55 juxtaposition. On one hand, these habitats share common features of pelagic lifestyles like 56 free-living and particle-associated niches (1), potential for interactions with phytoplankton (2), 57 and opportunities for diverse photoheterotrophic organisms including aerobic anoxygenic 58 phototrophs (3) and rhodopsin-containing bacteria (4, 5). However, salinity preference is 59 considered a complex trait involving many genes and complex cellular integration (6), 60
suggesting that transitions between high and low salinity are difficult from a genetic 61 perspective. Consistent with this idea, there is evidence for evolutionary separation between 62 microbial lineages in high and low salinity environments and the current paradigm is that 63 transitions between marine and freshwater ecosystems are infrequent, despite their ecological 64 similarities (7) . 65
Environmental sequence data provide support for a salty divide separating marine and 66 freshwater microbial assemblages. Saline environments are compositionally distinct from non-67 saline environments (8, 9) . Salinity-induced shifts in microbial diversity have been observed in 68 studies of marine-to-freshwater gradients in many systems, including the Baltic Sea (10), 69 Columbia River Estuary system (11), and Antarctic lakes that have become progressively less 70 saline since becoming isolated from the sea (12). Moreover, a number of microbial lineages 71 appear to be unique to freshwater lakes (13, 14) . For freshwater lineages that are found in 72 multiple habitats, the secondary habitat is most often terrestrial, not marine (14) . A review of 73 available studies comparing microorganisms from marine and freshwater environments found 74 evidence for evolutionary separation between marine and freshwater lineages in most studies 75 (7) . Observed separation between marine and freshwater lineages and ecosystem-specific 76 sequence clusters form the basis for the conclusion that transitions between marine and 77 freshwater environments are infrequent and most transition events occurred a long time ago 78 (7) . 79
Difficulty detecting transitions between marine and freshwater systems may contribute to 80 the paradigm that transitions occur infrequently. Detecting a transition requires sufficiently 81 abundant extant descendants. Most immigrant cells are expected to go extinct locally due to 82 ecological drift, just as most mutations are lost from a population due to genetic drift (15). The 83 probability of an immigrant avoiding extinction due to ecological drift, like a mutation avoiding 84 genetic drift, depends on the degree of selective advantage. For example, in populations of E. 85 coli (~3 x 107 cells; 16), a mutation conferring a 10% advantage appears an average of five 86 times before it is established compared to a mutation with a 0.1% advantage which would need 87 to appear 500 times to avoid extinction by drift (17). In addition to overcoming ecological drift, 88 the degree of selective advantage for cells migrating between marine and freshwater habitats 89 would need to be strong enough to overcome any salinity-based disadvantages. 90
Microorganisms that become established must also achieve sufficiently high population 91
abundances to be reliably detected by current sequencing methods. As amplicon sequencing 92 datasets accumulate from an increased diversity of environments and library size increases, 93 our ability to detect transitions improves. 94
Here we revisit classic questions concerning divisions between marine and freshwater 95 microorganisms by comparing 16S rRNA V4 region amplicon sequences from available marine 96 and freshwater datasets. This meta-analysis is timely given the accumulation of aquatic 16S 97 rRNA amplicon sequencing datasets and, specifically, the availability of sequence data from 98 the Laurentian Great Lakes. Microbial ecology studies of large lakes, including the Laurentian 99 Great Lakes, have the potential to help bridge gaps in our understanding of marine and 100 freshwater microbes. Large lakes are less influenced by their catchment than smaller lakes and 101 experience oceanic type-physical processes, including strong currents and upwelling (18). 102
Further, extreme oligotrophic conditions in certain locations within the Great Lakes resemble 103 nutrient conditions in some ocean basins (19) (20) (21) . Our specific objectives were to 1) compare 104 the diversity of marine and freshwater microorganisms and 2) identify lineages that have a 105 comparatively high or low degrees of sequence similarity between marine and freshwater 106 ecosystems. These lineages may represent targets for exploring physiological and molecular 107 barriers to salinity tolerance, and for identifying novel strategies for overcoming these barriers. 108
109

Results
110
Marine and freshwater taxa are distinct at varying phylogenetic resolution 111
Marine microbial assemblages were phylogenetically distinct from freshwater 112 assemblages based on UniFrac comparisons of MED nodes from marine and freshwater 113 samples ( Fig. S1 ; Weighted Unifrac PerMANOVA F=23.6, R 2 =0. 24, p<0.001, df=75; 114 Unweighted Unifrac PerMANOVA F=41.8, R 2 =0.36, p<0.001, df=75). Phyla (classes for 115 Proteobacteria) including Alphaproteobacteria, Gammaproteobacteria, Euryarchaeota, and 116 Marinimicrobia had significantly higher relative abundances in marine systems while 117
Betaproteobacteria and Verrucomicrobia had higher relative abundances in freshwater systems 118 ( Fig. 1 ; Table S1 ). Relative abundance differences between marine and freshwater systems 119 became more pronounced with increasing phylogenetic resolution from phylum to order to 120 family (Fig. S2 ). The range of unweighted UniFrac distances for pooled marine and freshwater 121 sequences also increased from phylum/ class to family ( Fig. S3 ; Table S1 ), indicating that phyla 122 and proteobacterial classes tend to include a mix of shared and habitat-specific lineages while 123 certain families contain a higher concentration of shared lineages or a higher concentration of 124 habitat-specific lineages. Gammaproteobacterial families Chromatiaceae and Vibrionaceae and 125 actinobacterial families PeM15 and Mycobacteriaceae had the smallest unweighted UniFrac 126 distances (< 0.55), suggesting that marine and freshwater lineages tend to be more closely 127 related in these groups than other groups. In contrast, Hydrogenophilaceae 128 (Betaproteobacteria) and KI89A (Gammaproteobacteria) each had UniFrac distances of 1.00 129 (Table S1 ), indicating that marine and freshwater lineages we detected within these families 130 were completely distinct phylogenetically. 131 132
Direct sequence-level comparisons reveal variation across phyla 133
To estimate taxon relatedness across habitats independent of operational definitions, we 134 implemented a direct sequence-based comparison to assess the relative phylogenetic distance 135 (as a proxy for time) since the most recent marine-freshwater transition. Within each phylum 136 (class for Proteobacteria) we clustered sequences at every possible threshold of sequence 137 identity (0, 1, 2, 3, etc. mismatches) and identified the highest sequence identity threshold at 138 which a shared cluster was detected for each pairwise combination of marine and freshwater 139 samples. For example, if the same exact sequence was found in both the marine and 140 freshwater sample, the threshold would be 1 (100% sequence identity), whereas a deep 141 branching split into exclusively marine and freshwater clades would yield a much lower 142 threshold. This procedure was then repeated for all pairwise combinations of freshwater and 143 marine samples. 144
Using this approach, we found that most phyla and proteobacterial classes contained 145 shared taxa at identity thresholds >0.99 for at least some pairs of marine and freshwater 146 samples ( Fig. 2 ), suggesting widespread recent transitions across habitat types. We did not 147 detect specific sample pairs preferentially yielding high similarity sequences; sequences with the 148 highest similarity across habitats for each taxonomic group were distributed across the majority 149 of marine and freshwater samples. We found that the median sequence identity threshold for 150 shared taxa across all sample pairs varied strongly across phyla ( Fig. 2 We observed 171 total shared MED nodes, i.e. nodes detected in at least one marine 159 sample and one freshwater sample ( Fig. 3 ; Table 1 ; Fig. S7 ). For most phyla and 160 proteobacterial classes, a small positive relationship was observed between the number of 161 sample locations included in the analysis and the percent of nodes shared between marine and 162 freshwater samples ( Fig. S7 ). Betaproteobacteria and Gammaproteobacteria showed the 163 largest increases in shared nodes as more marine and freshwater sites were sampled, 164 respectively. The large increase in shared nodes as more marine sites were sampled suggests 165 that betaproteobacterial diversity was well sampled in freshwater datasets where 166
Betaproteobacteria are abundant ( Fig. 1 ) and that betaproteobacterial nodes that are 167 infrequently observed in marine samples originated from freshwater. Similarly, 168 gammaproteobacterial diversity appears to be relatively well sampled in marine datasets where 169
Gammaproteobacteria are abundant ( Fig. 1 ) with gammaproteobacterial nodes infrequently 170 observed in freshwater samples likely originating from marine systems. Gammaproteobacteria 171 contained the most shared nodes, which accounted for 10% and 33% of total 172 gammaproteobacterial nodes observed in marine and freshwater systems, respectively. 173
Alphaproteobacteria contained the second highest number of shared nodes, accounting for 7% 174 and 14% of total alphaproteobacterial nodes observed in marine and freshwater systems, 175 respectively. Notably, shared nodes from marine alphaproteobacterial SAR11 clades surface 1 176 and surface 2 were observed in a humic lake, an estuarine clade was observed in a Tibetan 177
Plateau lake, and an unclassified SAR11 clade was observed in the Laurentian Great Lakes 178 ( Fig. 4) . 179 180
Metagenomic evidence of non-LD12 SAR11 in the Great Lakes 181
To further investigate SAR11 nodes shared between marine and freshwater habitats, we 182 analyzed the abundance of non-LD12 Pelagibacterales using 16S rRNA data from additional 183 Laurentian Great Lakes samples and surface metagenomes collected from each of the five 184
Great Lakes. For simplicity, we use 'LD12' to refer to the common freshwater SAR11 IIIb clade 185 and 'marine SAR11' to refer to all other SAR11 clades. When observed in 16S rRNA datasets 186 using the 515F/806R primer set, marine SAR11 sequences accounted for 1-15 sequences out 187 of an average of approximately 75,000 sequences per sample ( Fig. 4b ). To test whether marine-188 like sequences could be identified genome-wide, not just at the level of 16S rRNA, we extracted 189 metagenome reads with a top hit of Pelagibacterales from Great Lakes samples and a Tara 190
Oceans sample collected near Bermuda for comparison, assigned them to SAR11 clade protein 191 clusters, and classified them as marine SAR11 or LD12 using pplacer (22) . We included all 192 protein clusters with more than 100 sequences identified as marine SAR11 or LD12 at a 193 likelihood value of 0.95 for each metagenome; approximately 300 protein clusters per 194 metagenome satisfied this criterion. 195
For each metagenome analyzed, 58-59% of sequences within a protein cluster (median 196 value across all protein clusters) were classified as either LD12 or SAR11 at a likelihood of 0.95. 197 Of the classified sequences, 11-12% (median value across all protein clusters) were classified 198 as marine SAR11 in each of the Great Lakes samples, while 98% were classified as marine 199 SAR11 in the marine sample ( Fig. 5; Fig. S8 ). Across protein clusters, the fraction of sequences 200 classified as SAR11 was much more variable for Great Lakes samples (range 0-57%, 201 interquartile range: 6-18%) than for the marine sample (range: 76-100%, interquartile range: 202 96-99%). We identified 199 protein clusters with more than 5% of sequence reads classified as 203 SAR11 in all five Great Lakes metagenomes, suggesting that similarities between non-LD12 204 SAR11 in the Great Lakes and marine SAR11 extend beyond the 16S rRNA gene to a 205 substantial portion of the genome. 206 207 Discussion 208
We compared marine and freshwater microbial lineages from publicly available 16S 209 rRNA V4 region amplicon sequencing datasets to revisit the paradigm of infrequent transitions 210 between marine and freshwater habitats and identify lineages that may have transitioned 211 between environments with higher or lower frequency than average. At a broad level, marine 212 and freshwater assemblages are phylogenetically distinct. While there is a great deal of overlap 213 in the presence of phyla and proteobacterial classes, some groups are more abundant in one 214 habitat than the other and certain lineages within those groups appear to be habitat-specific. 215
Our results corroborate the findings of Lozupone and Knight (8) and Thompson and colleagues 216 (9) that salinity is the major environmental determinant separating free-living bacteria from 217 different environments. Further, our finding of higher relative abundances of Betaproteobacteria 218 and Actinobacteria in lakes and higher relative abundances of Alphaproteobacteria and 219
Gammaproteobacteria in marine systems corresponds with taxonomic comparisons made using 220 metagenomic sequence datasets (23) as well as previous observations using 16S rRNA 221 sequences (14, 24) . 222
We took multiple approaches to assess phylogenetic relationships between marine and 223 freshwater microorganisms within taxonomic groups. We used unweighted UniFrac distances 224 which have been employed previously to make inferences about the frequency of transitions 225 between marine and freshwater systems (7), direct sequence comparisons to generate an 226 estimate of taxon relatedness independent of operational definitions, and comparisons of the 227 number of shared MED nodes with the inference that each shared node encompasses at least 228 one transition between environments. The presence of habitat-specific lineage diversification 229 increases UniFrac distances whether or not a group has a high frequency of shared nodes, 230
making UniFrac distance ill-suited for making inferences about transition frequency (25). Hence 231 we used sequence similarity and number of shared MED nodes to make inferences about 232 taxonomic groups that have the most recent and frequent transition between marine and 233 freshwater. 234
235
Taxa with comparatively high transition frequency 236
Alphaproteobacteria, Betaproteobacteria, Bacteroidetes, Gammaproteobacteria and 237
Actinobacteria are the groups we inferred to have the most frequent transitions between marine 238 and freshwater systems. Alphaproteobacteria and Gammaproteobacteria were two of the most 239 abundant phyla in marine systems while Actinobacteria, Betaproteobacteria and Bacteroidetes 240 were three of the most abundant phyla in freshwater lakes. The high frequency of shared taxa 241 within these groups may be related to an increased probability of dispersal between habitat 242 types with large population sizes. A second commonality across these groups is that they all 243 include photoheterotrophic organisms. Each group includes rhodopsin-containing bacteria and 244 the proteobacterial classes are the primary aerobic anoxygenic phototrophs in aquatic systems 245 (3, (26) (27) (28) (29) (30) . A recently described novel rhodopsin clade, acidirhodopsin, is found in marine 246
Acidimicrobiales and is related to freshwater actinorhodopsins (4). Photoheterotrophic lifestyles 247 may enable microbial cells to persist in an environment until conditions arise that allow 248 population sizes to expand. Notably, Actinobacteria has lower sequence similarity between pairs 249 of marine and freshwater samples and contains fewer shared nodes than the other four groups. 250
Below-average growth rates (31) and the dependence of some actinobacterial lineages on other 251 bacteria (32) may contribute to apparent differences in the ability of Actinobacteria and other 252 abundant taxa to transition between marine and freshwater systems. 253
Bacteria from groups with comparatively high transition frequency employ a wide range 254 of aquatic lifestyles, from small streamlined SAR11 cells that harvest low-molecular weight 255 dissolved organic matter (33) to particle-attached Bacteriodetes with the ability to degrade 256 polymers and genes for gliding motility (34). Transitions between freshwater and marine 257 systems likely included lineages that developed novel adaptations in one habitat that facilitated 258 success in the other habitat by conferring a degree of selective advantage or niche 259 complementarity. Some lineages that successfully transitioned between marine and freshwater 260 habitats may have been aided by an ability to thrive under a range of salinities. Aquatic bacterial 261 strains identified as salinity generalists by Matias and colleagues (35) include representatives of 262 the Comamonadaceae (Betaproteobacteria), Pseudomonadaceae (Gammaproteobacteria) and 263 Vibrionaceae (Gammaproteobacteria); all three of these families contained shared MED nodes 264 in our meta-analysis (13, 4, and 5 nodes, respectively). 265 266
Insights from the SAR11 clade 267
Our observation that freshwater lakes contain non-LD12 SAR11 (Alphaproteobacteria) 268 with abundances near detection limits challenges the classic understanding of marine-269 freshwater transitions. SAR11 sequences classified to groups other than the freshwater LD12 270 group were found in three different lake systems: a humic lake in Northern Wisconsin, a 271 Tibetan Plateau lake, and multiple Laurentian Great Lakes. The same non-LD12 SAR11 node 272 was detected in Lake Michigan and Lake Ontario samples collected from multiple years, depths, 273 and stations within each lake. The persistent observation of this node suggests that there is an 274 established population in the Great Lakes, presumably making ecological contributions. The low 275 relative abundance of non-LD12 SAR11 in the Great Lakes was exacerbated by the 515F-276 C/806R primer set bias against SAR11 (36). Using 515F/926R primers, we observed an 8-30x 277 increase in the relative abundance non-LD12 SAR11 sequences (Paver et al. in prep.) ; however 278 these primers have not yet been widely employed, so we relied on datasets using the more 279 common 515F/806R primers for our meta-analysis. 280
Organisms with abundances at or near the detection limits of current sequencing 281 practices are frequently removed from analyses that exclude sequences below a specified 282 abundance threshold (37). However, populations with low representation in sequencing libraries 283 may have unintuitively large census population sizes in a system. A population with a density of 284 one cell per ml has a population size of billions of cells in a one meter depth layer of a small 285 lake like Trout Bog and quadrillions of cells in a one meter depth layer of Lake Michigan. 286 Assuming that the probability of sequencing is proportional to cell abundance and there are 287 500,000 cells per ml, a sequence from that population will not be detected 74% of the time and 288 a single sequence will be detected 22% of the time from a sample with 150,000 sequences 289 (slightly higher than any samples included in our meta-analysis), making the population likely to 290 go unreported. Aquatic systems contain a systematically overlooked pool of diversity that may 291 harbor organisms that immigrated from other habitats but have not become dominant in the 292 system. These frequently overlooked low abundance taxa may make disproportionately large 293 contributions to ecosystem function (38) and could serve as a source of taxa available to take 294 advantage of changing environmental conditions, akin to what Shade and colleagues (39) 295 describe as 'conditionally rare taxa.' 296
The perception that very few marine-freshwater transitions occurred during the 297 evolutionary diversification of SAR11 was based on observations where all SAR11 detected in 298 freshwater systems were classified to the freshwater LD12 group while no marine sequences 299 were identified as LD12 (40). The first indication that non-LD12, marine-like SAR11 inhabit lakes 300 came from a recently reconstructed parial genome classified as SAR11 subtype I/II from Lake 301 Baikal (41). The partial genome from Lake Baikal combined with our observations provide 302 robust evidence of SAR11 lineages other than LD12 (SAR11 IIIb) inhabiting freshwater lakes. 303
Prior to these findings, marine SAR11 had been observed in saline lakes (40, 42) and LD12 had 304 been detected and determined to assimilate thymidine in the brackish Gulf of Gdańsk, which is 305 located on the southern Baltic Sea coast and receives freshwater input from the Vistula River 306 (43). The first cultured representative of LD12 was isolated from the coastal lagoon of Lake 307 Borgne (44). Within the SAR11 clade, there appears to be a fine-tuning of salinity preference, 308 resulting in lineage-specific distributions along salinity gradients (10, 45). 309
We were not able to determine the exact placement of most Great Lakes non-LD12 310 SAR11 within the larger SAR11 clade phylogeny based on the phylogenetic placement of short 311 metagenomic reads. The small fraction of Great Lakes non-LD12 SAR11 sequences that were 312 classified to the clade level were split between clades Ia and IIIa, a sister group of LD12 313 commonly observed in brackish environments (10, 45, 46) . Great Lakes metagenome 314 sequences were not classified to the genome from Lake Baikal, suggesting that the non-LD12 315 SAR11 populations in Lake Baikal and the Laurentian Great Lakes represent separate 316 transitions. We found a high variability in the fraction of Great Lakes sequences classified as 317 marine SAR11 across protein clusters, which could be explained by the lack of a highly similar 318 reference genome, or by horizontal gene transfer between LD12 and marine SAR11 populations 319 within the Great Lakes. While adaptation to environments with specific salinities appears to 320 have played a major role in determining the distribution of SAR11 organisms, the prior 321 perception that LD12 is the only freshwater Pelagibacterales appears to have been an artifact of 322 undersampling. 323
As Logares and colleagues (7) discussed, the potential for SAR11 to disperse to 324 freshwater systems is high due to the immense population sizes of marine SAR11 and 325 postulated potential of microbes to disperse long distances. Walsh and colleagues (47) 326 speculated that ancestors of freshwater LD12 may have been successful in transitioning from 327 the ocean to freshwater due to a lesser dependency on Na+ compared to other marine lineages, 328 which may have been a contributing factor for other SAR11 lineages crossing over into 329 freshwater as well. The LD12 lineage originated from marine populations, acquiring genomic 330 adaptations, including loss of specific carbon degradation pathways and changes to central 331 carbon metabolism, that enabled populations to reach high abundances in certain lakes and 332 become widely distributed in lakes across the globe (48, 49). Based on our results, other SAR11 333 lineages which had been observed exclusively in brackish and higher salinity environments 334 appear to have made the transition to freshwater without dominating ecosystems. 335
Using 16S rRNA datasets to detect transitions 337
There are several important caveats to consider when comparing microbial diversity 338 between habitat types. First, we can only survey abundant, extant diversity. Analyzing 16S 339 rRNA amplicon datasets gave us the important benefit of deep sequencing relative to other 340 sequence-based approaches; however, the 16S rRNA gene is not a good marker for 341 differentiating closely related organisms (50). Marine and freshwater microorganisms classified 342 as 'shared' in our analyses likely have habitat-specific differentiation at the genome level. Given 343 the substantial overlap that we observed between marine and freshwater 16S rRNA amplicon 344 sequences, recent and frequent transitions cannot be ruled out on the basis of 16S rRNA 345 datasets. Microbial community composition can also be affected by biases, including those 346 resulting from DNA extraction method (51) and 16S rRNA gene primer set. For example, the 347 515F-C/806R primer set used by many datasets included in our meta-analysis has documented 348 biases against SAR11 and Thaumarchaeota (36, 52). We minimized the effects of these biases 349 on our comparative analyses by focusing on the sequence level and discarding abundance 350 data. Taxa that were not amplified by primer sets used in the datasets analyzed are beyond the 351 scope of this work. Another consideration is the possibility that shared taxa arise due to reagent 352 contamination, for example in DNA extraction kits (53) or cross-contamination from multi-sample 353 multiplexing (54). Given that most samples were extracted with study-specific methods including 354 modifications to commercial kits or no commercial kit and sequenced independently for each 355 study, as well as the repeatability of our results across samples, it is unlikely that our 356 observations of shared taxa can be explained by contamination. We carried out a meta-analysis of marine and freshwater 16S rRNA gene sequencing 378 datasets spanning the V4 region (Table 2; Table S2 ). For a dataset to be included in our 379 analysis, sequence reads needed to encompass bases 515 through 805 of the 16S rRNA gene. 380
We augmented publically available datasets with samples from the Laurentian Great Lakes 381 sequenced by the Joint Genome Institute (Paver et al., in prep) . Sequence processing was 382 carried out using mothur v 1.38.1 unless otherwise noted (55). We merged paired sequence 383 reads using make.contigs and quality filtered single reads using trim.seqs (window size = 50, 384 minimum average quality score = 35). All sequences were then combined and processed 385 following a modified version of the mothur MiSeq standard operating protocol accessed 27 386 September 2016 (56). Screening retained 200-300 bp sequences with no ambiguities and 387 maximum homopolymer stretches fewer than 24 bases. Screened sequences were aligned to 388 the Silva v128 reference alignment (57, 58) prior to chimera identification using uchime (59) as 389 implemented by mothur. Identified chimeras were subsequently removed. Sequences were 390 classified in mothur using Silva v128, and those identified as 'Chloroplast', 'Mitochondria', 391 'unknown', or 'Eukaryota' were removed from the dataset. To generate an estimate of taxon 392 relatedness independent of operationally selected sequence identity cutoffs, we implemented 393 direct comparisons for all sequences within each phylum and proteobacterial class. Pairwise 394 sequence distances were calculated and furthest-neighbor clustering was used to group 395 sequences into taxonomic units for all sequence identity cutoff values from unique down to the 396 level where all sequences converge into one taxonomic unit at a precision of 1000. For groups 397 with distance matrices too large to process all sequences together (Alphaproteobacteria, 398 Bacteroidetes, Betaproteobacteria, Gammaproteobacteria), cluster.split was implemented at the 399 order level (taxonomic level 4) to group sequences into taxonomic units at cutoff values from 400 unique down to 0.30. Classification-based cluster splitting was not a feasible approach for the 401 Actinobacteria, so pre.cluster was run on sequences prior to calculating furthest-neighbor 402 clusters. We also implemented Minimum Entropy Decomposition (MED), a method that employs 403 Shannon entropy to partition sequences into taxonomic units referred to as 'nodes' using 404 information-rich nucleotide positions and ignoring stochastic variation (37). We ran MED with a 405 minimum substantive abundance of 10 sequences and 4 discriminant locations. 406 407
Statistical and phylogenetic comparisons of marine and freshwater datasets 408
We compared marine and freshwater samples and sequences at the levels of taxonomic 409 classification, MED nodes, and sequence similarity using R version 3.3.2 (R Core Team 2016). 410
Phyla and proteobacterial classes that were differentially abundant in marine vs. freshwater 411 samples were identified by testing for differences in the log2 fold change using a parametric 412 Wald test implemented by DESeq2 (60). 413
We generated a maximum-likelihood tree from mothur-aligned sequences using the 414 GTRGAMMA model in RaxML v7.7.9 (61). To visualize sub-trees and calculate UniFrac 415 distances for specific groups, bacterial trees were rooted with a Marine Group I archaeal 416 sequence (A000001667) using the ape R package (62). Trees were visualized using the 417 interactive Tree Of Life (63). Sequences were rarefied and data were subset for subsequent 418 analyses using the phyloseq package (64). We rarefied samples to even depth (9 827 419 sequences/ sample) and calculated unweighted UniFrac distances for each pair of samples 420 using GUniFrac (65). We tested the significance of UniFrac distances between marine and 421 freshwater samples using Permutational Multivariate Analysis of Variance (PerMANOVA) as 422 implemented by the adonis function in the vegan package (Oksanen et al. 2016) . The same 423 approach was used to calculate UniFrac values for each phylum and proteobacterial class that 424 was observed in at least three marine and three freshwater samples and contained at least five 425 MED nodes. Samples containing fewer than 500 sequences for a given phylum or class were 426 removed from the analysis. We combined all sequences from each habitat and calculated 427 unweighted UniFrac distances for phyla, proteobacterial classes, orders and families using 428 GUniFrac following sequence rarefaction to even depth. To test the significance of calculated 429
UniFrac values for each phylum and proteobacterial class, unweighted UniFrac values were 430 calculated for 1000 independent swap randomizations of the presence-absence sample matrix 431 generated by the randomizeMatrix function in the picante package (66). Using these distances 432 as a null distribution, one sample z tests were conducted to test the null hypothesis that the 433 phylogenetic tree is not grouped by habitat. A Bonferroni correction was implemented as a 434 conservative measure to account for multiple testing in determining significance. 435
We calculated Jaccard distances for pairs of unrarefied samples at each sequence 436 identity cutoff for each phylum and proteobacterial class. The Jaccard distance is calculated as 437 1 minus the intersection of two samples (i.e., the number of shared units) divided by the union of 438 two samples (i.e., the total number of units); a Jaccard distance of 1 means that no taxa are 439 shared between samples. The sequence identity cutoff value at which marine and freshwater 440 sample pairs first contain shared taxa (Jaccard distance < 1) was summarized for each phylum/ 441 class using boxplots. 442
We identified 'shared nodes' as those observed in the unrarefied sequence set for at 443 least one marine and at least one freshwater sample. For each phylum and proteobacterial 444 class containing more than five nodes observed in both marine and freshwater samples (i.e., 445 shared nodes), we generated accumulation curves to visualize the number of shared MED 446 nodes as a function of the number of freshwater or marine sampling sites using the specaccum 447 function in the vegan package (Oksanen et al. 2016) . 448 449
Metagenomic evidence of non-LD12 SAR11 in the Great Lakes 450
To test whether there is genome-wide evidence beyond the 16S rRNA locus for non-451 LD12 SAR11 cells in the Great Lakes, we identified reads that mapped with high confidence to 452 non-LD12 SAR11 in a SAR11/LD12 reference phylogeny. Briefly, we analyzed metagenomes 453 from samples collected from the surface of each of the Great Lakes in spring 2012 (IMG 454 database project IDs: Ga0049080-Ga0049085) as well as a marine sample from the Tara 455 Oceans project collected from the North Atlantic Ocean Westerlies Biome near Bermuda for 456 comparison (accession number ERR599123) (67). Sequence reads from each metagenome 457 were searched against the nr protein database (68 downloaded 13 April 2017); using diamond 458 v. 0.8.18.80 (69) and sequences whose best hit matched the Pelagibacterales family were 459 identified using Krona Tools v. 2.7 (70) and extracted. These putative Pelagibacterales reads 460 were then mapped to a database of SAR11/LD12 protein clusters using a translated query-461 protein subject (blastx) BLAST v. 2.2.28 (71) with e-value <0.001 and alignment length >60 462 amino acids (>50 amino acids for the Tara Oceans sample since sequence reads were shorter). 463
Our protein clusters database was constructed from publically available SAR11 and LD12 464 genomes (Table 3) using all-vs-all blastp and MCL clustering (72) as implemented by anvi 'o v. 465 2.4.0 (73) . We focused our analysis on putative core protein clusters found single-copy in at 466 least 6 SAR11 genomes and 3 LD12 genomes; notably all but one LD12 genome derives from 467 single-cell genome amplification and sequencing and are therefore incomplete. For each protein 468 cluster, we backtranslated amino acid alignments, generated by muscle v. 3.8 (74) within anvi 'o, 469 to nucleotide alignments. We then used RAxML v. 7.2.6 with the GTRGAMMA model to 470 generate a maximum likelihood tree for each protein cluster based on its corresponding 471 nucleotide alignment (61). Metagenomic reads that mapped to each protein cluster by blastx 472 were aligned to the cluster's reference nucleotide alignment using HMMER v 3.1b2 473 (hmmer.org). Reads were then classified taxonomically using pplacer with the -p flag to 474 calculate prior probabilities and guppy classify using the -pp flag to use posterior probability for 475 the pplacer classifier criteria v1.1.alpha19-0-g807f6f3 (22). The reference package for taxonomy 476 classification was generated using taxtastic v 0.5.4 (http://fhcrc.github.io/taxtastic/index.html). 477
We analyzed the resulting databases using the R package BoSSA v2.1 (https://cran.r-478 project.org/web/packages/BoSSA/index.html). 479
Data availability: Laurentian Great Lake sequences have been deposited under 480 accession numbers (to be added during revision). R code and associated data files are 481 available at https://bitbucket.org/greatlakes/marine_fw_meta.git. Intermediate data files 482 referenced in code, but too large to store on bitbucket will be made available in a public data 483 repository (digital object identifiers to be added during revision) and can be accessed at the 484 following link for review purposes: 
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